The characterization of several isolates of a new lactic acid bacterium which produces a malty aroma is presented. Strains MXSR, MXSS, 6748, and 6283 were asporogenous, catalase-negative, gram-positive, aciduric rods of varying length which did not reduce nitrate. The above strains also formed L(+)-lactic acid, produced 0.3 to 0.4% acidity in sterile milk, and grew at 7, IS, 25, and 32 C but not at 45 C . In addition, all strains produced limited amounts of CO2 from gluconate, did not produce COZ from glucose, required riboflavin and folic Downloaded from www.microbiologyresearch.org by
acid but not thiamine for growth, and demonstrated fructose-l,6-diphosphate aldolase (EC 4.1.2.13) activity. The guanine plus cytosine contents of deoxyribonucleic acid (DNA) extracted from representative strains MXSR and MXSS were 36.0 and 36.1 mol%, respectively. All isolates produced an extracellular nuclease which hydrolyzed ribonucleic acid as well as DNA. Like Streptococcus lactis subsp. maltigenes, all strains produced 2-methylpropanal, 2-methylpropanol, 3-methylbutanal, and 3-methylbutanol in skim milk and Trypticase soy broth. The characteristic malty aroma is most likely due to the production of the above aldehydes. On the basis of the data presented, the malty strains were placed in a new species, Lactobacillus maltaromicus, in the subgenus Streptobacterium. Strain MX5 (ATCO 27865) was designated the type strain of L. maltaromicus.
Several early investigations (8, 12, 34, 35) described a lactic acid bacterium which produced a malt-like flavor and 'aroma in milk and butter. Since the organism involved was closely related t o Streptococcus Zactis but could be differentiated from it by the ability to produce the characteristic flavor and aroma, it was designated S. lactis subsp. maltigenes. More recent studies provide additional justification for this designation (20) .
The neutral volatiles from milk cultures of S. Zactis subsp. maltigenes consist of a number of aldehydes formed from certain amino acids via enzymatic transamination of a-ketoglutaric acid and decarboxylation of resultant keto acids (14, 15, 39) . The presence of corresponding alcohols is the result of aldehyde reduction (24) . Although the malty aroma and flavor produced by S. lactis subsp. maltigenes in milk is due primarily to the production of 3-methylbutanal, Sheldon et al. (36) suggested that a collective expression of several volatile components may be involved. In addition to S. Zactis subsp. maltigenes, other bacteria have been associated with the malty character. Tracy and Ramsey (38) reported that malty aroma could be caused by a pathogenic micrococcus of the Staphylococcus aureus type and that the flavor could be enhanced when a strain of Bacillus subtilis was also present. Leesmont (13) reported that the streptococcus flora producing malty flavor in starters and in butter was dominated by S. diacetilactis subsp. rnaltigenes, whereas the defect in other dairy products was mainly due to S. lactis subsp. maltigenes. Overby (29) 
MATERIALS AND METHODS
Organisms and media. Three samples of producers' milk criticized as possessing a malty flavor were submitted to our laboratory for microbiological examination and evaluation. A portion (0.01 mI) of each sample was streaked on Trypticase soy agar (BBL) and the plates were incubated at 25 C for 5 days. Preliminary microscopic examination of a number of colonies revealed filamentous, rod-shaped bacteria but no typical lactic acid streptococci. Selected colonies, designated as rough or smooth, were transferred to Trypticase soy broth (TSB) or MRS broth (3) and incubated at 30 C. All cultures developed a strong malty aroma within 24 to 48 h. Frequent purity checks were conducted, and selected isolates, designated MXSR, MXSS, 674S, 628R, and 628S, were maintained in sterile skim milk at -12 C. The malty character was stable upon repeated transfer over a period of 6 years.
Fermentation of carbohydrates. Fermentation tests were conducted on a variety of carbohydrates by using the modified selective medium of Rogosa et al. (33) and purple broth base (Difco). Carbohydrates were added to the above basal media at concentrations of 2 and 1 %, respectively. Arabinose, xylose, mannose, galactose, fructose, maltose, and rhamnose were sterilized by filtration and then added to the basal media. The inocula were prepared by making at least two preliminary transfers in TSB. When substantial growth was apparent, the cells were washed two times with sterile, distilled water. All tubes were inoculated with 0.05 ml of the concentrated cell preparation, incubated at 30 to 32 C, and observed daily for distinct color changes over a period of 2 weeks. The pH of the contents of each tube was then determined. Appropriate controls, consisting of the basal medium without added carbohydrate, were also inoculated with the test organism and examined as described above.
Gas (CO,) production. Tomato juice broth (Difco), supplemented with 1, 2, and 5% glucose, and a modification of the basal medium of Rogosa (9) were used to detect the production of CO, from glucose and gluconate, respectively. In the preparation of the latter medium, tryptone was substituted for tryptose, potassium gluconate (4%) was added, ammonium citrate was deleted, and the pH was adjusted to 5.5. Sterile Vaseline or paraffin was layered over the surface of the inoculated media, and CO, production was observed directly in the tubes between 4 and 14 days of incubation at 30 to 32 C.
Titratable acidity. Acidity in sterile skim milk was determined as described by Rogosa et al. (33) after incubation at 30 C for 14 days. All values were corrected for the acidity of an uninoculated control.
Temperature growth limits All isolates were examined for ability to grow in TSB a t controlled temperatures ranging from 7 to 45 C. Inoculated medium was incubated at the desired temperature and examined for turbidity after 14 days.
Optical rotation of lactic acid. Total lactic acid in cell-free supernatants prepared from TSB cultures was determined essentially by the method of Mattsson (18) as reported by Daly et al. (2) . The amount of lactic acid was determined colorimetrically after the addition of an aqueous solution of 2% FeC1, *6H,0. The optical density at 425 nm was recorded within 15 min with a Bausch & Lomb Spectronic 20 spectrophotometer. Data obtained from the enzymatic determination of L(+)-lactic acid was used to confirm the total lactic acid results (2, 18). The optical density at 340 nm was determined with a Beckman DU spectrophotometer, and the amount of L(+)-lactic acid was obtained from a standard curve. The control organisms, L. casei and L. plantarum, produced I,(+)and DL-lactic acid, respectively. Nicotinamide adenine dinucleotide (grade 111) and lactic dehydrogenase were obtained from Sigma Chemical Co.
Aldolase assay. Fructose-l,6diphosphate aldolase (EC 4.1.2.13) was assayed at 340 nm essentially as described by Rogosa (personal communication) . The reaction mixture, total volume 2 ml, contained the following: 1 ml of 0.05 M tris(hydroxymethy1)aminomethane-hydrochloride, pH 7.5 containing 0.02 M potassium acetate and 0.05 M p-mercaptoethanol); 0.2 ml of 0.1 m M NADH (Calbiochem, San Diego, Calif.); 0.02 ml of crude cell-free extract; 0.02 ml of a 1 : 10 dilution of a-glycerophosphate dehydrogenasetriosephosphate isomerase (rabbit muscle; Calbiochem, San Diego, Calif.); 0.2 ml of fructose-l,6diphosphate (0.02 M); and 0.5 ml of distilled water. All reaction mixtures were equilibrated at 32 C before the addition of fructose-l,6diphosphate.
Nutritional characteristics. Microinoculum broth (Difco) and riboflavin, thiamine, and folic acid assay media (Difco) were prepared essentially as described in the Difco Manual (4). All tubes, including a duplicate set containing riboflavin (0.3 pg/lO ml), thiamine (0.05 pg/lO ml), and folic acid (0.01 pg/lO ml), were inoculated with the test culture, incubated at 30 to 32 C, and observed daily for growth response or turbidity change.
Morphology and additional biochemical tests. Morphologic characteristics were determined on 48-h-old cultures in TSB and thermoacidurans broth (Difco). Catalase production and nitrate reduction were determined by standard procedures previously described (37) . In addition, all strains were examined for their ability to grow in TSB at various concentrations, 0.1 to 0.7%, of Teepol (anionic detergent comprising alkyl sulfates).
DNA base composition. Thermal denaturation (T,) values of purified DNA, extracted as described by Marmur (16) , were determined with a Gilford (model 2000) automatic recording spectrophatometer.
Escherichia coli DNA (Nutritional Biochemicals Corp., Cleveland, Ohio) was used as a control and reference in all determinations. Mol% GC was calculated according to the linear relation of Marmur and Doty (1 7). Normal distribution curves were constructed from absorbance-temperature denaturation profiles by plotting the change in slope per degree increase in temperature ( A tan O/C) against temperature (1 2).
Extracellular nuclease assay. Ex tracellular nuclease activity was detected by using deoxyribonuclease test agar (Difco) plates and MRS agar (3) supplemented with either herring sperm DNA (2 g/liter) or Torula ribonucleic acid (RNA; 2 g/liter), obtained from Calbiochem, Los Angeles, Calif. The latter medium was modified by omitting Tween 80 and reducing the beef extract and glucose concentrations t o 0.3 and 0.5%, respectively. In addition, tryptone was substituted for proteose peptone. All plates were heavily inoculated with the test organisms and incubated at several temperatures ranging from 15 to 32 C for 3 days. Extracellular hydrolytic activity was then assayed by lightly flooding the plates with 1 N HCl(l0).
Gas-liquid chromatography. Volatile compounds from cultures that developed a strong malty aroma in milk and TSB were separated and identified on columns (3.7 m b y 3 mm outer diameter) containing acid-base-washed Celite 545 (60 to 80 mesh) coated with either 20% 1,2,3-tris(2cyanoethoxy)propane or 1,2,4-butanetriol by using a gas-entrainment, oncolumn trapping procedure (23). The columns, installed in a Varian Aerograph (series 1200) gas chromatograph, were operated isothermally at 60 C with a nitrogen gas flow rate of 30 ml/min, and the detector and injection port temperatures were 210 and 190 C, respectively.
Mass spectral analysis. An F & M model 810 gas chromatograph was used in conjunction with an Atlas CH-4 mass spectrometer for all spectral analyses of separated compounds. The operating conditions were: filament emission, 12 PA; electron voltage, 70 eV; accelerating voltage, 3.0 kV; analyzer pressure, 2 X torr; multiplier voltage, 1.6 kV; and scanning speed, 2.5 s for m/e 25 to 250. A microvolume switching valve (Carle Instruments Inc., Fullerton, Calif.) was installed between the mass spectrometer and gas chromatograph to prevent air from entering the ion source during sample transfer.
RESULTS
Morphology and physiology. Morphologic characteristics of strains MXSR, MXSS, and 628s are illustrated in Fig. 1 . All isolates were asporogenous, gram-positive rods of varying length which became gram negative with increasing age. Whether cells appeared as long filaments or shorter rods appeared t o be related to the medium in which they were grown and not to the rough or smooth charaoter of the FIG. 1. Photomicrographs of 48-h-old TSB cultures of (A) MXSR, (B) MXSS, (C) 428S, and (D) 48-h-old culture of 628s in thermoacidurans medium. colonial form. Colonies of the smooth isolates were white, convex, smooth, and opalescent, with edges changing with age from entire to slightly fimbriate. Colonies of the rough isolates were markedly fimbriate with a course, ground-glass appearance. Some physiologic characteristics of these isolates and 674s are given in Table 1 . Strains MX5R and MX5S produced 0.4% acidity and 674s and 628s produced 0.3% acidity in sterile skim milk after 14 days of incubation at 30 C. All isolates were catalase negative, did not reduce nitrate, grew at 7, 15, 25, and 32 C but not at 45 C, and developed in TSB with concentrations of Teepol ranging from 0.1 to 0.7%. Although growth was evident at the higher concentrations (0.5 to 0.7%), development was more pronounced at the lower levels. In addition, all strains produced limited amounts of C02 from gluconate, did not produce C02 from glucose (1, 2, and 5%), demonstrated fructose-1, 6-diphosphate aldolase activity, and produced L(+)-lactic acid (1.35 to 1.65 mg/ml) from available glucose (2.5 mglml). The control organisms, L. plantarurn P5 and 17-5 and typical strains of L. casei subsp. casei, formed DL-and L(+)-lactic acid, respectively, did not produce gas from glucose, produced substantial amounts of CO2 from gluconate, and were also aldolase positive. Ferment at ion characteristics. Preliminary f ermentation reactions in the selective medium (pH 5.9) of Rogosa et al. (33) were slow and, in many cases, weak. Nevertheless, the results substantiated the aciduric nature of the isolates. Strains MXSS, 6743, and 628s fermented glucose, amygdalin, salicin, cellobiose, mannose, fructose, lactose, sucrose, and trehalose. MX5R utilized glucose but was only capable of weakly fermenting mannose and fructose. Stronger reactions, possibly due to the greater activity of the inocula, were observed in purple broth base (Difco) supplemented with a variety of carbohydrates (Table 2 ). The fermentation characteristics were similar for all isolates; however, melibiose was not utilized t o any appreciable extent by strains 674s and 628s. Although MX5R and MXSS fermented melibiose within 3 days, the reactions were considered weak when compared with reactions for known strains of L. plantarum. All strains fermented D(-)-ribose, but none utilized erythritol, adonitol, dulcitol, raffinose, inositol, xylose, arabinose, or rhamnose. These results are generally consistent with the known fer- Growth factor requirements. The malty isolates and the strains of L. casei and L. plantarum studied did not require thiamine for growth ( Table 3) . Riboflavin and folic acid were essential and stimulatory for all cultures except those of L. plantarum. With respect t o these observations, the malty isolates appeared t o be more closely related to L. casei than to L. plantarum.
DNA base composition. DNA extracted from representative malty isolates, MXSR and MXS S, gave monophasic absorbance-temperature denaturation profiles, and the compositional distribution of DNA molecules was relatively narrow and unirnodal. The absorbance-temperature denaturation profile and normal distribution curve for MXSS DNA are illustrated in Fig.  2 . The Tm values for MXSR and MXSS, 84.0 and 84.1 C, respectively, are an average of three determinations and were reproducible within 0.2 C. Corresponding GC contents calculated for MXSR and MXSS were 36.0 and 36.1 mol%, respectively.
Extracellular nuclease. The extracellular nuclease activity of MXSR, MXSS, 674S, and 6283 on deoxyribonuclease test agar (Difco) is shown in Fig. 3 . All isolates were capable of depolymerizing RNA, as well as DNA, and zones of hydrolysis ranged from 2 t o 5 mm in diameter from the colony edge.
Gas-liquid chromatography. Typical chromatograms of the volatiles produced in skim milk and TSB by strain 674R are illustrated in Fig.  4 . Diethyl ether was considered a persistent contaminant in the atmosphere in which the samples were prepared and analyzed. Peak 8 , chromatogram (A), consisted primarily of 2-methylpropanol with a trace of diacetyl. The same peak in chromatogram (B), however, comprised a greater amount of diacetyl in relation to 2-methylpropanol. Major peaks corresponding to ethanol and 3-methylbu tan01 were also detected in the volatiles entrained from a TSB culture of 674R using the 1,2,4-butanetriol column. All identifications were made by comparisons of mass spectra with reference spectra and relative retention times of authentic compounds. Although similar chromatographic patterns were observed for strains 674S, MXSR, MXSS, 628R, and 628S, minor differences in intensity were observed. The data presented correlated well with results previously reported for S. Zactis subsp. maltigenes (24). L. casei C17 and 3 16 and L. plantarum 17-5 did not produce any of the characteristic aldehydes or corresponding alcohols generally associated with the malty character (24).
DISCUSSION
All strains isolated and characterized in this investigation were similar with respect t o morphologic and physiologic characteristics. They were homofermentative, gram-positive, catalase-negative, aciduric rods of varying length which were not capable of nitrate reduction. On the basis of these general characteristics, the isolates were tentatively placed in the genus Lactobacillus.
Recognized species of lactobacilli were previously placed in three groups on the basis of DNA base composition (22). Group I included species with a GC content between 32.4 and 38.3 mol%, group I1 included species with a GC content between 42.7 and 48.0 mol%, and group I11 included species with a GC content between 49.0 and 51.9 mol%. Although similarities were observed, groups I, 11, and I11 did not correspond entirely with the three subgenera recognized in traditional classifications (28, 32) . The GC contents for MXSR and MXSS, 36.0 and 36.1 mol%, respectively, are within the range noted above for group I; however, selected characteristics easily differentiated them from L. jugurti (37.1 mol%), L. helveticus (38.3 mol%) , L. salivarius (32.4 mol%) , and L. acidophilus (36.7 mol%) . Although the malty strains produced an extracellular nuclease capable of hydrolyzing RNA and DNA, this particular characteristic was not useful for species differentiation because several homo-and heterofermentative lac tobacilli exhibit extracellular nucleoly t ic activity (2 1 ).
The ability to grow at 15 C is a useful criterion for preliminary classification of lactobacilli. Although strains of thermobacteria do not grow at this temperature, all streptobacteria are capable of growth at 15 C and usually even at 6 to 7 C. In addition t o the latter characteristic, the data obtained concerning glucose and gluconate utilization, ribose fermentation, fructose-1 $-diphosphate aldolase activity, growth factor requirements, and the type of lactic acid produced substantiate the placement of the malty isolates in the subgenus Streptobacterium ( 3 1). At present, this subge-nus contains only two species, L. plantarum and L. casei, with subspecies L. casei subsp. rhamnosus and L. casei subsp. alactosus. L. plantarum produces a small amount of acid in milk, whereas L. casei produces 1.2 t o 1.5%. The latter species also produces L(+)-lactic acid, whereas L. plantarum forms D L-lactic acid, actively ferments melibiose, and is capable of growth in the presence of 0.4% Teepol. With few except ions , the char act eristics reported for strains MX5R, MXSS, 674S, and 628s did not correlate exactly with those for known strains of either L. casei or L. plantarum.
Although L. casei and L. plantarum are the only recognized species in the subgenus Streptobactenum, several low-temperature, homofermentative strains have been reported as unclassified streptobacteria. Keddie (1 1) described atypical strains that were less active in fermentation tests than either L. casei or L. pkntarum, and additional intermediate strains have been reported by Perry and Sharpe (30) and . Since the malty isolates characterized in this study differed in some traits from the known species and subspecies contained in the subgenus Streptobacterium , they appear to represent intermediate strains or a new species of the subgenus Strep to bacte n u m.
The mean DNA base compositions calculated from data previously reported for L. casei and L. plantarum ranged from 43.1 to 47.3 mol% GC (6, 22) . A difference in GC content of 10.1 to 11.3 mol% for L. casei and 7.1 to 9.0 mol% for L. plantarum is evident when compared with the mean value, 36 mol% GC, obtained for , diethyl ether; 2, acetaldehyde; 3, 4 , acetone; 5 , ethanol: 6, 7, butanone; 8, and 9, : I , 2, 3-tris(2-cyanoethoxy) propane (3.7 m by 3 mm outer diameter). the malty lactobacilli. Since the malty isolates and strains of L. casei and L. plantarum have substantially different mean DNA base compositions, one can assume that they will have few DNA molecules or base sequences in common.
Like S. Zactis subsp. maltigenes, the malty lactobacilli produce 2-methylpropandy 2-methylpropanol , 3 -me thylbu t anal , and 3-me thylbutanol. The characteristic aroma of cultures of these organisms is most likely due principally to the production of the above aldehydes formed by mechanisms which may be similar to those reported for S. Zactis subsp. maltigenes (14, 15, We believe that the evidence presented herein justifies the recognition of the malty isolates, strains MXSR, MX5S, 6743, and 628S, as belonging to a new species, for which we propose the name LactobaciZZus maltaromicus (malt.a.ro'mi.cus. M.E. noun rnalte ground dried sprouted barley; L. noun aroma pleasant odor; M.L. adj. maltaromicus possessing a maltlike aroma).
9).
A description of the type strain, MX5 (ATCC 27865), follows:
Cells: Thin rods which vary in length and occur mostly in chains or long filaments; they are gram positive, becoming gram negative with age, and are nonmotile.
Agar colonies: White, convex, smooth, entirely to slightly fimbriate, opalescent. Some cultures produce coarsely fimbriate colonies with a coarse ground-glass appearance.
Broth: Flocculate, clearing after a few days. Milk: Maximum acidity produced is 0.4% in 14 days.
Acid is produced from ribose, glucose, fructose, galactose, mannose, maltose, lactose, sucrose, cellibiose, melizitose, trehalose, melibiose, mannitol, sorbitol, a-methyl-D -glucoside, a-me thyl-D -glucoside, a-m ethyl-D -mannoside, salicin and amygdalin. Raffinose, xylose, arabinose, rhamnose, erythritol, adonitol, dulcitol, and inositol are not fermented. L(+)-lactic acid is the major product of glucose fermentation; carbon dioxide is not produced.
